Abstract-We report an actively tunable topological edge mode laser in a one-dimensional SuSchrieffer-Heeger (SSH) laser chain, where the SSH chain is realized in an electrically-injected Fabry-Perot (FP) laser array. A non-Hermitian SSH model is developed to investigate the SSH laser chain with tunable active topological defect. We theoretically demonstrate topological edge mode phase transition in the SSH laser chain. The phase transition manifested in the tight binding SSH laser chain is observed experimentally and agreed well with the theoretical predictions. Finally, by electronically tuning the gain and loss waveguides, a lossy topological mode is obtained, and trivial bulky mode lasing is experimentally observed. This work presents a versatile platform to investigate novel concepts, such as parity-time (PT) symmetry and topological mode, for main stream photonic applications.
Introduction
Topological insulators (TIs) introduce a new form of matter, which can support the flow of electrons on their surface but are insulator in their interior. Unlike surface states in normal insulators, the surface states in TIs are robust against perturbation and defects in the bulks [1] [2] [3] [4] [5] [6] . Such tantalizing characteristics address the impurity issues in conventional bulk topology materials, and spark interests in the field of topological photonics [7] [8] [9] . Thus, it has drawn large interests in the investigation of topological phase transitions and edge-states in optical devices that are unaffected by local perturbations and fabrication defects [10] [11] [12] [13] [14] [15] [16] . However, most of such work has been focused on optical structures and devices with passive components. By incorporating active components in the photonic topological structures, it becomes possible to achieve lasing in these topological edge-states. The resulting topological edge state lasers can exhibit low lasing threshold compared to the conventional bulk state lasers and are robust against any fabrication defects and local defects due to the temperature variations and any material degradations. The topological edge state lasers have been recently demonstrated in several systems [17] [18] [19] [20] [21] , however, all of them are shown in optically pumped platforms which can largely limit the further exploration and applications of these unique topological lasers. In addition, it has been paid large attention in studying the interplay between non-Hermiticity and photonics topology devices. The optical non-Hermitian system is brought into attention by the notion of paritytime (PT) symmetry, where several new novel phenomena and optical devices have been proposed and demonstrated based on the PT symmetry in non-Hermitian systems [22] [23] [24] [25] [26] [27] [28] [29] . In this context, topological lasers become an ideal platform owing to the inherent non-Hermiticity in laser structures. In this report, we demonstrate lasing in topological edge state in onedimensional Su-Schrieffer-Heeger (SSH) FabryPerot (FP) laser chain, which contains gain and loss waveguides and an active gain topological defect. The active topological defect is employed to enhance the density of state (DOS) of the topological edge state and ensure lasing at the lowest threshold compared to other bulk modes. Phase transition between the topological edge state and bulk state lasing is shown experimentally, and the PT symmetry phase transition in the topological mode laser is observed. Finally, by electrically tuning the gain and loss in the SSH laser chain, the topological defect mode becomes a lossy mode, and a trivial bulk mode lasing is observed at the lowest threshold.
Topological Laser Design
To achieve a photonics topological edge mode laser, we design a photonics topological insulator structure consisting of 7 pairs of coupled FabryPerot (FP) waveguide SSH dimers. Figure 1(a) shows the schematic of the dimer chain, where C1 and C2 represent the coupling efficiency between the gain (orange) and loss (blue) waveguides, and C1 > C2. The trivial and non-trivial topological states are achieved by strong and weak coupling in the dimers consisting of gain and loss, respectively. A topological defect in the chain is introduced by removing the loss waveguide in the middle dimer (4 th pair). As a result, the designed active SSH chain consists of 13 coupled ridge waveguide lasers with the width of 3 µm. The laser active region is composed of 7-layer InAs quantum-dots (QDs) sandwiched between Al0.4Ga0.6As cladding layers. Figure 1(b) shows the heterostructures of the InAs QD lasers grown by molecular beam epitaxy (MBE) system. In the laser array, the top p+-GaAs contact layer and pAl0.4Ga0.6As cladding layer are etched for electrical isolation between each waveguide. The coupling strengths, C1 and C2, in the dimers are controlled by the width of the isolation trenches, 1 µm and 2 µm, respectively. All the gain and loss waveguides are interconnected allowing simultaneous and fully electronic control of all the gain and loss waveguides. 
Non-Hermitian SSH Model
A one-dimensional SSH model is first employed to investigate the passive Hermitian dimer chain without gain and loss [30] . The SSH model studies two sites per unit cell with different coupling efficiency C1 and C2. It is well understood that, in SSH mode, the edge states depend on the configuration of the unit cell. The edge state exists only when the smaller coupling, C2, is located at the edges [30, 31] . In contrast, there is no edge state if the chain is terminated by a dimer with larger coupling efficiency, C1. These two different scenarios can be identified by the winding number in Brillouin zone (BZ) SSH model [32] :
( 1) where k is the Bloch wavenumber within the first BZ, and the winding number is corresponding to the Zak phase (ψZAK) divided by π [33] . It has been shown that, when Wh=1, the system exhibits trivial topological phase without edge states, in contrast, if Wh=0, the system transits into nontrivial topological phase with two edge states presented [34] . As a result, in the explored topological configuration, the defect waveguide, 4 th pair dimer with gain waveguide only, is located at an interface between two structures that have different topological invariants, Wh = 0, 1. Thus, there must be a topological interface state residing at zero energy at the defect waveguide. Szameit et. al. has already investigated such topological waveguide configuration containing passive components and shown the topological edge mode appearing in the center defect while preserving the PT symmetry [35] . In this work, we employ the dimer chain containing gain and loss and an active, gain, defect to achieve topological laser. It has been argued that, if an active defect is introduced, the topological edge state can be enhanced by supplementing the topological protection with non-Hermitian symmetries [36] . In this context, a non-Hermitian SSH model is employed to explore the density of state (DOS) of the topologically zero energy mode. As shown in Figure 2 , the DOS of the zeroenergy mode is largely enhanced by including an active defect compared to the passive defect case. It is worth noting that the DOS enhancement can be obtained not only with the active defect but also with an absorptive lossy defect due to the symmetry of the Hamiltonian [36] . In addition, it is also of large interests to investigate the PT symmetry in the proposed gain/loss non-Hermitian SSH system. As discussed by Szameit et. al. [35] , the PT symmetry is always preserved in the passive dimer chain with a neutral defect [35] . In our case, the active gain defect explicitly breaks the PT symmetry, preventing the Hamiltonian from commuting with the PT operators, [PT, H] ≠ 0. This topologically induced property can further enhance the mode competition. The topological defect state is predominately located in the gain defect waveguides and is isolated from loss waveguides affecting all other modes in the system, which can reduce the lasing thresholds of the topological mode, even in presence of structural disorder. Figure 3 shows the eigenvalue diagrams and corresponding optical field distributions at different gain, g, values, where a dimensionless variable ν=g/C1 is defined in this work. It is found that the edge mode exhibits complex eigenvalues, with gain, as long as the system gain is non-zero and all the optical field are predominately located in the defect gain waveguide in the SSH system and symmetrically distributed around the defect waveguide. Finally, the dynamics of the proposed SSH laser is theoretically investigated. Three distinguished phases are observed in Figure 3(a)-(d) . In phase I, only the edge mode exhibits complex eigenvalue with gain, and the SSH laser array is lasing at single topological mode. The corresponding dispersion relation of the lasing edge mode and optical field distribution are plotted in Figure 3(a) . By increasing the gain, in phase II, one trivial bulk mode is transited into a phase with complex eigenvalue and will start to lase alongside with edge mode. Figure 3(b) shows the dispersion relation of the lasing edge mode with complex eigenvalue and the corresponding optical field distribution of the lasing bulk mode. Finally, with further increase of the gain, other bulk modes will show complex eigenvalues and the gains of these bulk modes will be comparable with the edge mode. Therefore, the edge mode becomes less dominant and this in turn results in a more uniform mode intensity profile across the SSH chain under investigation. The dispersion relation and optical field distribution of the second bulk mode under this case are shown in Figure 3 Finally, Figure 4 (a) plots the band diagram of non-Hermitian topological system. It is clearly seen that the topological band gap doesn't close in the non-Hermitian topological system and no topological phase transition is observed, this indicates that the system retains its topological properties with the presence of gain. In addition, in Figure 4 (b), the complex frequency, shown in blue dots, possesses a single non-degenerated topological mode with gain. By further increasing the system gain level, shown in red dots, the gain of topological mode will be further increased, while other bulk modes will also be transited into lasing modes by having complex eigenfrequencies. This process explicitly explains the mode selection between nonHermitian topological mode and trivial bulk modes.
FIG 4: (a)
Band diagram of non-Hermitian topological system. It is clearly seen that the topological band gap doesn't close in the nonHermitian topological system and no topological phase transition is observed, this indicates that the system retains its topological properties with the presence of gain. (b) complex frequency, shown in blue dots, possesses a single non-degenerated topological mode with gain. By further increasing the system gain level, shown in red dots, the gain of topological mode will be further increased, while other bulk modes will also be transited into lasing modes by having complex eigenfrequencies.
Results
In the experimental demonstration, the gain/loss SSH chain is achieved by electrically biasing the gain and loss waveguides at different levels. The bias current for the loss waveguides is maintained at 0 mA, which corresponds to a loss of ~ 35 cm -1 in the loss waveguide, and the gain waveguide bias current is varied from 0 to 1000 mA to electrically tune the gain in the gain waveguides. The near-field pattern of the SSH laser chain is measured to understand the dynamics of the topological mode lasing and mode selections. Shown in Figure 6 , the near-field patterns from the laser array are measured at various gain bias currents. When the gain bias current is small, 630 mA, the SSH laser array only lases at the topological mode in the center defect and the mode profile exhibits intensity maximum at the center defect and symmetrically distributed around the defect waveguide, site 7. When the bias current is increased to 700 mA, the first trivial bulk mode obtains enough gain and transit to lasing mode, while the topological mode is still dominating in the near-field profile. The SSH laser system evolves to phase II. With further increment of the bias current to 770 mA, more trivial bulk modes start to obtain enough gain and eventually transform to lasing modes, which leads to a more uniform near-field profile across the laser chain, and the system is transited into phase III. The experimental observation shows clear phase transitions of the topological mode laser and agrees well with the theoretical predications, Figure 3 (d).
FIG 6: Near-field patterns measured at various gain bias currents. When the gain bias current is small, 630 mA (a), the SSH laser array only lases at the topological mode in the center defect and the mode profile exhibits intensity maximum at the center defect and symmetrically distributed around the defect waveguide, site 7. When the bias current is increased to 700 mA (b), the first trivial bulk mode obtains enough gain and transit to lasing mode, while the topological mode is still dominating in the near-field profile. The SSH laser system evolves to phase II. With further increment of the bias current to 770 mA (c), more trivial bulk modes start to obtain enough gain and eventually transform to lasing modes, which leads to a more uniform near-field profile across the laser chain, and the system is transited into phase III.
Finally, we also investigate a topological configuration with a lossy topological defect in the SSH chain. In the experiment, owing to the versatility of the electrically injected system, the lossy topological defect is simply achieved by interchanging the gain and loss waveguide bias currents. As compared in Figure 7 (a), the system (after the electrically switched reconfiguration) still features the same topological configuration as in the case discussed before, but now with a lossy defect at the topological interface. The corresponding dispersion relations shows that the topological mode exhibits net loss and lasing is prohibited. As a result, the SSH laser chain will first lase at one of the trivial bulk modes with the highest gain. This is experimentally demonstrated as well by measuring the near-field pattern in the lossy topological defect SSH laser. Shown in Figure 7 (b), instead of the single topological mode lasing, the system now first lases at a bulk mode which agrees well with the theoretical 
Conclusion
In summary, we have demonstrated an electrically-injected topological edge mode laser in a SSH chain with an active gain topological defect. The explored laser system is described by non-Hermitian SSH model. Phase transitions between topological and bulk mode lasing are observed. The experimental results are in good agreement with theoretical predictions. This work demonstrates a versatile electrically tunable platform and provides new perspectives in understanding some of the fundamentals in nonHermitian topological systems. 
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